Abstract Nutritional value of cooked food has been considered to be lower compared to the fresh produce. However, many reports showed that processed fruits and vegetables including mushrooms may retain antioxidant activity. Pleurotus spp. as one of the edible mushroom are in great demand globally and become one of the most popular mushrooms grown worldwide with 25-fold increase in production from 1960-2009. The effects of three different cooking methods (boiling, microwave and pressure cooking) on the antioxidant activities of six different types of oyster mushrooms (Pleurotus eryngii, P citrinopileatus, P. cystidiosus P. flabellatus, P. floridanus and P. pulmonarius) were assessed. Free radical scavenging (DPPH) and reducing power (TEAC) were used to evaluate the antioxidant activities and the total phenolic contents were determined by Folin-Ciocalteu reagent. Pressure cooking improved the scavenging abilities of P. floridanus (>200 %), P. flabellatus (117.6 %), and P. pulmonarius (49.1 %) compared to the uncooked samples. On the other hand, the microwaved Pleurotus eryngii showed 17 % higher in the TEAC value when compared to the uncooked sample. There was, however, no correlation between total phenolic content and antioxidant activities. There could be presence of other bioactive components in the processed mushrooms that may have contributed to the antioxidant activity. These results suggested that customized cooking method can be used to enhance the nutritional value of mushrooms and promote good health.
Introduction
Oxidation is necessary for physiological processes in living system. Free radicals, also known as reactive oxygen species (ROS) are produced during numerous physiological processes. Excessive production of reactive oxygen species leads to oxidative damage and this has been implicated in aging process and many life-threatening human diseases including diabetes, inflammation and cancers (Gogavekar et al. 2012; Song and Van Griensven 2008) . Living organisms have endogenous antioxidants that act as major defense against oxidative damage caused by the free radicals. However, these antioxidants are often insufficient to prevent the damage. Mushrooms have been recognized as sources of antioxidants as they contain beneficial components and secondary metabolites that can protect against oxidative damage. The antioxidants found in mushrooms are mainly phenolic compounds reported to have protective role against chronic diseases related to oxidative stress (Ferreira et al. 2009 ). Today, mushrooms are being considered as functional food mainly because of their nutritional values and medicinal importance (Stamets 2005; Elmastas et al. 2007; Khan and Tania 2012) .
Mushrooms have been part of the human diet for thousands of years. Globally cultivated mushrooms such as Agaricus bisporus, Lentinula edodes and Pleurotus spp. have become popular and the industry is expanding with world production greater than two million tonnes annually (Gogavekar et al. 2012 ). Pleurotus spp. also known as oyster mushrooms are widely cultivated all over the world using various substrates. The production of Pleurotus mushrooms increased from 35.0 thousand tonnes to 875.6 thousand tonnes from 1960 (Chang and Wasser 2012 . Pleurotus spp. have been reported to have anticancer, antimicrobial, antihypertensive, antihyperlipidemic, antidiabetic, hepatoprotective effect and antiallergic properties (Khan and Tania 2012) . The inclusion of mushrooms including Pleurotus spp. in daily diet may contribute to protection against oxidative damage. Mushrooms however cannot be consumed raw or uncooked. Further, they are perishable and need to be processed.
Most vegetables and some fruits need to be processed before consumption for safety and quality reason and only selected few are consumed uncooked. Generally, food products are heat processed to increase the shelf life. In the last few decades, attention on naturally occurring antioxidants in foods has increased because of the adverse effect of synthetic antioxidants and the practice of minimum usage of artificial food additives. Nutritional value or texture of food could be affected or lost during the heat treatments or storage as most of the bioactive compounds and naturally occurring antioxidants are susceptible to heat (Amin and Lee 2005; Puupponen-Pimia et al. 2003; Pokorny and Schmidt 2001) . Recent studies showed that appropriate cooking methods for different vegetables may maintain the antioxidant properties or improve their nutritional value (Galor et al. 2008; Ng et al. 2011) . Thermal processing of pepper, peas, broccoli, tomatoes and sweet corn enhanced the antioxidant activity (Nicoli et al. 1999; Dewanto et al. 2002a, b) . (Choi et al. 2006 ) also reported that heat treatment and duration of heating on Lentinula edodes significantly enhanced the overall antioxidant activities. Although the importance of antioxidants present in food changes during or after processing, relatively little has been published on the changes in antioxidants after the food processing. Thus, the type of mushroom processing used in this study was boiling, microwave and high pressure cooking. To our knowledge, there are no reports on antioxidant level assessment of microwaved and/or pressure cooked of Pleurotus mushrooms. The objective of this study was to evaluate the antioxidant activities of selected oyster mushrooms after different cooking methods. Antioxidant activities were assayed by scavenging abilities on 1-1-diphenyl-2-picrylhydrazyl (DPPH) and Trolox equivalent antioxidant capacity (TEAC). The phenolic contents of cooked mushrooms were also determined.
Materials and methods

Chemicals
Chemicals and reagents were of analytical grade. Gallic acid, ascorbic acid, 6-hydroxy-2,5,7,8-tetramethyl chroman-2-carboxylic acid (Trolox), 2,2-azino-di [3-ethylbenzthiazoline sulfonate] (ABTS) and 2,2-diphenyl-1-picrylhydrazyle (DPPH) were purchased from Sigma-Aldrich ® Inc (USA). Folin-Ciocalteu's phenol reagent, hydrochloric acid (HCl), potassium persulfate (K 2 O 8 S 2 ) and sodium carbonate anhydrous (Na 2 CO 3 ) were obtained from Merck. Absolute ethanol was purchased from Fisher Scientific ® UK Ltd (UK).
Mushroom samples and processing
Fresh fruiting bodies of six different oyster mushrooms namely Pleurotus citrinopileatus Singer (yellow oyster), P. cystidiosus O.K. Mill. (abalone), P. flabellatus Sacc. (pink oyster), P. floridanus (Mont.) Singer (white oyster) and P pulmonarius (Fr.) Quel. (grey oyster) were purchased from local mushroom farmers (Ganofarm Sdn Bhd) while P. eryngii (DC.) Quel. (king oyster; Korea) was purchased from a hypermarket in Kuala Lumpur. The mushrooms were identified by experts in Mushroom Research Centre, University of Malaya. The mushrooms (600 g each) were randomly sampled, washed with tap water and dried on paper towel prior to weighing. Four portions each of 150 g mushroom were divided and subjected to various cooking methods: microwavemushrooms were added to 100 ml of distilled water and cooked in a commercial 1000 W microwave for 5 min; boiled samples-mushrooms were boiled in 100 ml distilled water on hot plate for 5 min; pressure-cooked-mushrooms in 100 ml of distilled water were autoclaved for 15 min at 121°C. During the cooking process, the samples were covered in order to minimize evaporation of water. All the cooked samples including the water were cooled to room temperature (25±2°C) and homogenized in Waring Commercial blender (New Hartford, CT, USA). For the uncooked samples, the mushrooms were homogenized with 100 ml distilled water. All the samples were centrifuged at 5000 rpm for 15 min to obtain clear supernatants and freeze dried. The lyophilized extracts were stored at −40°C prior to analysis.
Antioxidant assays
Trolox equivalent antioxidant capacity (TEAC) assay
The TEAC assay is an electron-based assay involved antioxidant and oxidant in the reaction mixture where the decolorization of the oxidant (ABTS in this study) was determined through the reduction of radical cation (Re et al. 1999 ). The TEAC assay was selected because it has not been reported previously by others using this method for pressure cooking and microwave mushrooms.
The assay was determined using method outlined by (Re et al. 1999) . The ABTS• + reagent was prepared by mixing 5 ml of 7 mM ABTS• + solution with 89 μl of 140 mM K 2 S 2 O 8 . The mixture was added and kept in the dark at room temperature for 16 h. After 16 h, 95 % ethanol was used to adjust the absorbance of the ABTS• + reagent to 0.70±0.05 at 734 nm. One hundred microlitre of ABTS• + reagent was added to 10 μL of mushroom extract. The mixture was allowed to stand for 1 min and absorbance was measured at 734 nm. Trolox (water-soluble Vitamin E analogue) was used as standard. The TEAC values were calculated based on final concentration and expressed as μmol Trolox equivalent per 150 g of uncooked mushroom (μmol Trolox equiv/150 g).
2,2-diphenyl-1-picrylhydrazyle (DPPH) radical scavenging assay
The diphenyl-1-picryl-hyrazyl (DPPH) radical scavenging assay is widely used to test the free radical scavenging ability of various plants, food and vegetables. The scavenging ability is measured based on the number of molecules of DPPH reduced by one molecule of the reductant (Reis et al. 2012) . Determination of free radical scavenging activity was carried out according to the method described by (Gerhauser et al. 2003) . Five microlitre mushroom aqueous extract (5 mg/ml) was mixed with 195 μL of methanolic solution containing DPPH radical. The mixture was shaken vigorously and left to stand for 3 h in the dark. The absorbance was determined at 515 nm with a spectrophotometer. Ascorbic acid was used as standard, water was used as blank and mixture without the sample extract was used as a control. The radical scavenging activities were expressed as percentage of DPPH quenched (%) using the following formula.
The Folin-Ciocalteu reagents measured the reducing capacity of the mixture reagents of phosphomolybdic and phosphotungstic acids and used to estimate phenolic contents and other reducing agents (Huang et al. 2005) . The concentration of phenolic compounds was determined using method outlined by (Oki et al. 2002) . Fifty microlitre of mushroom aqueous extract (5 mg/ml) was mixed with 100 μL 10 % aqueous sodium carbonate solution. After 3 min, 50 μL of 10 % FolinCiocalteau reagent was added to the mixture. Mixture was incubated for 1 h in the dark and the absorbance was measured at 750 nm. Gallic acid was used as standard and mixture without extract was used as control. The total content of phenolic in mushroom were calculated based on final concentration and expressed as mg gallic acid equivalent per 150 g of uncooked mushroom (mg GAE/150 g).
Statistical analysis
All the data were recorded as mean ± standard deviation (triplicate values). Data were analysed using SPSS for Windows (ver. 17.) as a one-way analysis of variance (ANOVA), Turkey's post hoc tests were carried out to test any significant differences (p<0.05) between uncooked and cooked mushrooms. Person's correlation analysis was carried out to determine the correlation between the assays.
Results and discussion
Yield of mushroom extracts
The yield of cooked and uncooked mushroom extracts are presented in Table 1 . Generally, the yields for all uncooked mushrooms were in the range of extraction efficiency of 1.49 to 2.59 %. Microwaved P pulmonarius gave the lowest yield with extraction efficiency of 1.49 %. Among all the cooking methods studied, P. cystidiosus gave higher yields of extracts compared to the other processed mushrooms.
Antioxidant assays
Trolox equivalent antioxidant capacity (TEAC) assay
Boiling is the most commonly used in food processing using water as the medium to transfer heat. The boiling method significantly decreased (p<0.05) the antioxidant activity in all mushrooms studied except for P. citrinopileatus (123.21± 3.62 μmol Trolox equiv/150 g) and P. pulmonarius (114.42± 1.33 μmol Trolox equiv/150 g). Further these two mushrooms did not show any significant difference (p<0.05) in TEAC levels when compared to uncooked sample (Table 1) . (Kanagasabapathy et al. 2011) reported that the aqueous extracts of P. sajor-caju (synonyms P. pulmonarius) exhibited higher TEAC values (29.45±0.87 mM Trolox equiv/g of fresh mushroom) than in the present study. Further, P. cystidiosus showed lower antioxidant activity (34.42±9.52 μmol Trolox equiv/150 g) which was 67 % when compared to the uncooked sample (107.27±6.43 μmol Trolox equiv/150 g). When mushrooms were microwaved, P. eryngii showed 17 % higher (85.98±6.53 μmol TE equiv/150 g) antioxidant activity compared to the uncooked sample (73.70±5.50 μmol TE equiv/150 g) (Table 1) . However, the other mushrooms exhibited 23-63 % lower antioxidant activities compared to their respective uncooked sample (Table 1) whereas P. cystidiosus showed a significant (p>0.05) decrease of 63 % in the antioxidant activity (37.91 ± 7.28 μmol TE equiv/150 g) compared to the uncooked sample (102.27± 6.43 μmol TE equiv/150 g).
All the mushrooms that were pressure cooked showed significant decrease (p<0.05) in their TEAC value (45.40 to 99.08 μmol TE equiv/150 g) when compared to the respective uncooked samples (73.30 to 138.77 μmol TE equiv/150 g). Pleurotus pulmonarius showed the lowest decrease of antioxidant activity (relative percentage of 61 %) relative to the uncooked sample. (Ng et al. 2011) reported that pressure cooking did not cause any significant decline in the antioxidant property in broccoli, bitter gourd, Chinese long bean and water convolvulus. In this study, it was observed that pressure cooking did affect Trolox equivalent antioxidant capacity. To our knowledge, no similar studies with mushrooms have been reported. 
Diphenyl-1-picryl-hydrazyl (DPPH) radical scavenging assay
The DPPH free radical scavenging assay of mushrooms subjected to boiling, microwave and pressure-cooking compared to uncooked sample are shown in Table 1 . The highest increase in antioxidant activity of 151 % was observed when Pleurotus pulmonarius was boiled for 5 min compared to uncooked samples (16.56±0.18 %). Antioxidant activity of Pleurotus citrinopileatus, P. flabellatus and P. floridanus did not vary after boiling. Pleurotus cystidiotus and P. eryngii showed lower levels of antioxidant activity with relative percentage of 12 and 77 % respectively, than their uncooked samples (Table 1) . Lee et al. (Lee et al. 2007 ) reported the scavenging abilities of hot water extracts (heated at reflux for 1 h) of P. citrinopileatus was 20.7-2.3 % at 20 mg/ml. In this study, the scavenging ability of P. citrinopileatus in this study after 5 min of boiling process, however, was 18.8 % at 5 mg/ml. (Jagadish et al. 2009 ) reported that the DPPH free radical scavenging activity of boiled (100°C, 1 h) Agaricus bisporus showed a decrease of 8.3-53.1 % when compared to the uncooked 15.6-65.8 % at the concentration range of 100-800 μg/ml. The longer duration of boiling might have contributed to the decrease in scavenging abilities of bioactive compounds in the varieties of mushrooms (Vasanthi et al. 2009; Borowski et al. 2008) . Pleurotus floridanus, P flabellatus and P pulmonarius showed significant increases (p<0.05) in antioxidant activity (1.45±0.47; 6.50±0.49 % and 14.43±1.04 respectively) after microwave cooking compared to the uncooked sample (0.46± 0.00; 4.60±0.49 and 6.72±1.07 % respectively) ( Table 1) . Pleurotus citrinopileatus, P. cystidiosus and P. eryngii, however, had lower antioxidant activity compared to the corresponding uncooked sample with relative percentage of 44, 65 and 70 % respectively. (Kettawan et al. 2011 ) and (Kim et al. 2009 ) reported that the reduction of antioxidant activities might be affected by the texture, color or shape of each mushroom variety. Both Pleurotus cystidiosus and P. eryngii have thick, meaty, solid and firm characteristics where the microwave heat may not have penetrated the mushroom tissue or disrupted the cell wall to liberate the antioxidant compounds. However, (Hayat et al. 2009 ) reported microwave treatment could accelerate release of high amount of phenolic compounds by thermal destruction of cell wall and sub cellular compartments of citrus peels. (Sun et al. 2012 ) reported that microwave cooking had shown better retention of certain phenolic acids in Boletus mushrooms than pressure-cooking, steaming, boiling and frying.
For the mushrooms subjected to pressure cooking, P. floridanus again showed the highest scavenging ability (>200 %) when compared to all the mushrooms processed and uncooked. The improvement in antioxidant activity could be due to the release of active antioxidants from the fibrous complexes during pressure cooking (low moisture level and high temperature). Pleurotus flabellatus and P. pulmonarius also showed significantly increase (p<0.05) in DPPH radical scavenging activities of 10.01±0.91 and 10.02±2.11 % respectively. Pleurotus citrinopileatus and P. eryngii had lower scavenging abilities after the pressure cooking with relative percentage of 50 and 67 % (Table 1) compared to their respective uncooked samples. (Choi et al. 2006) reported that prolonged heating time and higher temperature enhanced the DPPH radical scavenging activity of Lentinula edodes. Pleurotus pulmonarius, P. floridanus and P. flabellatus have thinner and softer tissue structure compared to P. eryngii and P. cystidiosus which have thick and firm tissue structure. Therefore, application of high temperature in pressure cooking may release high amounts of phenolic compounds from disruption of mushroom tissues (Nicoli et al. 1997; Martins et al. 2000) . Thermal reaction could also lead to production of stronger radical-scavenging antioxidants (Jiménez-Monreal et al. 2009 ). Moreover, it was reported longer pressure cooking time of common beans (Phaseolus vulgaris) enhanced their free radical scavenging activity (Rocha-Guzman et al. 2007 ).
Total phenolic content
Total phenolic content of mushroom extracts after boiling were in the range of 7.91 to 16.44 mg GAE/150 g compared to the activities in uncooked samples which range from 9.02 to 17.17 mg GAE/150 g. Pleurotus cystidiosus showed highest increase in total phenolic content (10.97±0.12 mg GAE equiv/150 g) after this cooking treatment with respect to its uncooked sample (9.02 ± 0.04 mg GAE equiv/150 g) ( Table 1) . Total phenolic content of P. eryngii, P. flabellatus and P. floridanus were lower than their uncooked sample with relative percentage of 36, 24 and 34 % respectively. Pleurotus pulmonarius showed no significant difference (p<0.05) in the total phenolic content compared to the uncooked sample after boiling. Noorlidah et al. (2011) ) reported the total phenolic contents of hot water extract of five Pleurotus spp (P. cystidiosus, P. eryngii, P. flabellatus, P. floridanus and P. pulmonarius) were higher than the values reported in this study. In that study, those mushrooms were subjected to 30 min of boiling treatment (Noorlidah et al. 2011) while the mushrooms were subjected to 5 min of boiling in this study. Duration of cooking affected the release of phenolic compounds possibly due to the texture of mushrooms and this in turn could contribute to the antioxidant activity (Kettawan et al. 2011) . (Puttaraju et al. 2006 ) reported higher total phenolic content in water extract (5 min boiling) Pleurotus pulmonarius and Pleurotus djamor (synonym P. flabellatus) (14.3 and 13.3 mg GAE/g sample respectively), compared to the levels observed in the present study (13.36 mg GAE/150 g and 12.21 mg GAE/150 g). Pleurotus eryngii has solid and firm fruiting body and was subjected to 5 min boiling in the present study, the total phenolic contents was lower than that reported after 30 min of boiling by (Noorlidah et al. 2011) . Thus, prolonged boiling might help the release of polyphenols into the boiling water. (Kettawan et al. 2011 ) reported significant amount of polyphenol and antioxidant activities in boiled water of edible mushroom and this could be attributed to the antioxidants which largely leach from mushroom tissue into the boiling water with increase in cooking time. Thus, boiling mushrooms to prepare soup and gravies would be a good choice of cooking method to optimize antioxidant intake.
All mushrooms which were subjected to microwave treatment with the exception of P. cystidiosus showed significant (p<0.05) reduction in the total phenolic content compared to the respective uncooked samples (Table 1) . Pleurotus pulmonarius showed the lowest phenolic contents (6.76± 0.02 mg GAE/150 g) than uncooked sample (13.53 ± 0.30 mg GAE/150 g) with relative percentage of 50 % ( Table 1 ). The pressure cooking method significantly decreased (p<0.05) the total phenolic content for most of the mushrooms. P. cystidiosus, however, showed no significant difference (p<0.05) in its phenolic content with respect to uncooked samples. To our knowledge, no similar studies on total phenolic contents of microwaved-and pressure-cooked Pleurotus spp. have been reported. The phenolic compounds play an important role in antioxidant activity, stabilizing lipid oxidation, inhibition of carcinogenesis and mutagenesis in humans (Nicholson and Hammerschmidt 1992) . Recently, (Kanagasabapathy et al. 2011 ) reported 22 compounds in P. sajor-caju which include mainly triterpenoids, fatty acids, ergosterol, linoleic acid, cinnamic acid and nicotinamide. Further, the linoleic acid, cinnamic acid and nicotinamide were shown to have antioxidant activities. In the study by (Kim et al. 2008) , Pleurotus ostreatus was reported to contain phenolic compounds such as gallic acid, homogentisic acid, protocatechuic acid and naringin. Therefore, similar phenolic compounds could be found in other Pleurotus spp. and may contribute to their antioxidant activities.
Correlation analysis
Several studies found correlation of total phenolic content in hot water extracted mushrooms and antioxidant activities. (Kanagasabapathy et al. 2011 ) reported strong correlation (R 2 =0.8181) between TPC and DPPH free radical scavenging activity of the culinary-medicinal mushrooms. This was in accordance to the findings by (Kanagasabapathy et al. 2011) who reported positive correlation (R 2 =0.7205) between TPC and TEAC in P. pulmonarius. On the other hand, (Lee et al. 2007 ) reported a moderate correlation (R 2 =0.425) between TPC and DPPH free radical scavenging activity of P. citrinopileatus. But in our study, there was poor correlation between antioxidant activities (DPPH, TEAC) and total phenolic content of extracts from different cooking methods. Various authors (Jayakumar et al. 2009; Ferreira et al. 2009 ) have reported presence of ascorbic acid, α-tocopherol, β-carotene, rutin, chrysin, phenolic compounds (include syringic acid, p-coumaric acid, ferulic acid, 5-Ocaffeoylquinic acid, naringin and tannic acid), tocopherols, ascorbic acid and β-carotene in various Pleurotus spp. Therefore, the other bioactive components may contribute to the antioxidant activity.
Conclusion
The cooking method, mushroom characteristics and variety affected the content and bioavailability of naturally occurring antioxidants or formation of novel compounds that influenced the antioxidant activities. Pressure cooking increased the antioxidant activity of Pleurotus flabellatus, P. floridanus and P. pulmonarius. This suggested that customized cooking method including pressure cooking might increase the health beneficial effects associated with increase of antioxidant activities.
